Infestation of a new host is a crucial stage in the life-cycle of parasites, and the possibility that hosts avoid infesting contact depends, in part, on the predictability of infestation risk. Immature free stages of ticks (Acari, Ixodidae) have limited mobility and survival in the vegetation and strongly depend on host behaviours for their infestation. We studied spatial and temporal distributions of the larvae of 2 major groups of African tick species in a ranch in Zimbabwe. No difference in the abundance of Rhipicephaltis evertsi eoertsi larvae was found among vegetation types and during most of the seasonal cycle, and no reliable indicator of their presence on a given site was identified. Rhipicephalus appe~tdictilatz~s/Rhipicephaltis zambezieiisis larvae are mainly found during the cool dry season, in vegetation types situated close to permanent water holes or dominated by Acacia trees, which provide key forage resources for ungulates; and several indicators of their presence were identified. For both tick groups, spatial and temporal distributions of the larvae result in an optimized contact with ungulate hosts: R . e. evertsi larvae are unpredictable and thus unavoidable by hosts, whereas R. appendictrlatzrslR. zantbeziensis larvae are predictable but also unavoidable because they are associated with key-resources for ungulates.
T h e infestation of a new host is a crucial stage in the life-cycle for /all parasites. (Kennedy, 1975 ; -SchmidHempel & Tanner, 1990) . T h i s can be achieved through four different modes as stated by Combes (1 995) : direct transmission by contact, transmission by consumption, transmission by vector and transmission by active free stage. For the large majority of ectoparasites, and ticks are no exception, transmission by active free stage is the most common solution adopted (Combes, 1995) . But this mode of transmission is risky in that it exposes the free stages to various constraints outside the host, not the least of which is the imperative need for finding a host in an inhospitable environment to accomplish their life-cycle (Kennedy, 1975) .
Threatened by all sorts of parasites which seek to exploit them, hosts have evolved a wide range of adaptations to prevent initial parasite infection and subsequent proliferation (Sheldon & Verhulst, 1996) . Among the diversity of weapons elaborated by the host, including costly and complex immune responses, behaviours of hosts that may reduce or prevent contact with parasites are a first line of patterns should be strongly selected .
Can hosts avoid parasites? As stated by Moore (1 995) there have been few investigations analysing the possibility of direct avoidance of parasites by hosts. Interestingly, the question appears crucial for some parasites which have limited migratory abilities and which rely on host behaviour to achieve infesting contact. Cases of hosts avoiding, or reducing contact with potential sources of parasites have been described in various situations Lozano, 1991) . For instance, grazing herbivores have evolved a tendency to avoid foraging near recently dropped faeces as a mean of reducing infestation from faecalborne parasites (Michel, 1955; Hart, 1994 for review) .
T h e characteristics of the free stages of ixodid ticks vary according to species, but a constant pattern is a reduced mobility of immature stages (Rechav, 1979) , which also have specific micro-habitat requirements (Oliver, 1989) . For the species Rhipicephalus ecertsi evertsi for example, the larvae move very short distances from the site where engorged females laid the eggs (Gray, 1961 ; Rechav, 1979) . T h e success of infestation of the ticks depends thus more on the movements of theil.hosts than on their own movements (Morel, 1981 ; Rechav, 1979) . The free stages must be 'at the right place at the right Parasifolobry (1999) (Barnard, 198B; Oliver, 1989 (Walker, Norval & Corwin, 1981) . T h e two species will be referred hereafter as a R. appendiculatuslR. zambeziensis complex, because of the similarities in the biology of the two species and in their host preferences (Walker et al. 1981; Norval et al. 1982) . R. e. evertsi is a 2-host tick, widespread in subsaharan Africa, whose larvae frequently infest wild and domestic ungulates but also lagomorph and other small mammals (Hoogstraal, 1956; Londt & Van Der Bijl, 1977; Minshull, 1981) . R. appendiculatus and R. xambexiensis are both 3-host ticks whose larvae are found most frequently on wild and domestic ungulates but also on other small and medium size mammals (Hoogstraal, 1956 ; Norval et al. 1982) . Larvae of R. e. evertsi and R. appendiculatus not only have similar host preference, but they also attach preferentially to the same site (ears) on these ungulate-hosts, although the first species is usually found deep inside the ear, whereas R. appendiculatus larvae are usually found attached to the margins of the ears.
In this paper S T U D Y A R E A A N D M E T H O D S

Site characteristics
I n order to understand the distribution of tick larvae in time and space, we first described the variations of abundance according to season and vegetation type. We then attempted to characterize the presence/ absence of tick larvae on a given site, according to several groups of parameters likely to influence their local abundance. A list of all parameters recorded is presented in Table 1 , along with the statistical analysis performed.
T h e physiognomy of the vegetation, in particular the shade which it provides and the air currents within the plants, has a major influence on the microclimatic parameters at a given site, and thus in turn on the survival of tick larvae (Londt & Whitehead, 1972; Branagan, 1973; Rechav, 1979; Short, Floyd & Norval, 1989) . Important characteristics include the abundance of trees and shrubs as well as several parameters related to the herbaceous layer such as mean height or grass layer continuity. I n addition, the specific composition of the herbaceous layer is likely to influence the survival or the abundance of tick larvae (Hassan, Dipeolu & Malonza, 1994; Mwangi, Hassanali & Essuman, 1995) and we assessed the percentage of coverage of major herbaceous species at each site. Final analyses retained the 22 most abundant species (represented in more than 5 % of the sites sampled) or groups of morphologically similar species, among a total of 90 species identified in the area during the course of the study. Lastly, the abundance of tick larvae on a site is also related to the frequency of use by the hosts on which the female ticks engorged and from which they dropped before laying the eggs. Spoors and droppings of wild and domestic ungulates are good indicators of animal abundance (e.g. Jachmann & Bell, 1984; Koster & Hart, 1988) , and we used these indicators to estimate the frequency of use of the sites by wild and domestic ungulates (cattle, greater kudu, impala, wildebeest and zebra).
Statistical analysis
T h e frequency distribution of tick larvae is highly skewed, containing many zeros and few extreme data, as frequently seen with such parasitic data (Crofton, 1971; Petney, Ark & Spickett, 1990; Gregory & Woolhouse, 1993) . T o overcome the consequences of this overdispersion on statistics, we unsuccessfully fitted our data with Poisson and negative binomial distributions (Sokal & Rohlf, 1981 ; Gregory & Woolhouse, 1993) , before using a Box-Cox transformation according to the recommendations made by Sokal & Rohlf (1981) . T h e data transformation with the parameters calculated ( A = -2 for R. appendiculatuslR. xambeziensis and h = -1 for R. e. evertsi) gave satisfactory results, with the residuals controlled after a two-way ANOVA (season and vegetation) having a random distribution. Unplanned mean comparisons were carried out using Scheffé test according to the recommendations made by Day & Quinn (1989) .
We then checked for parameters which could constitute good 'indicators of tick larvae presence' and which were likely to be used by ungulates as proximate factors to avoid infested sites. We used 2 complementary methods to classify non-infested (O larvae/transect) and infested sites ( > O larvae).
(1) Logistic regression (LR), after backward stepwise selection of significant variables (Norusis, 1997) . Following SPSS 8.0 procedure, the variables in the backward elimination procedure are selected if the regression coefficients calculated are significantly different from O, with a cut-off value of 5 yo (Wald statistic). When no variable could be removed from the logistic model, the procedure was finished. For each tick species, variables selected by the backward stepwise procedure are used simultaneously in a minimal model of L R (for the whole of the seasons and for the cool dry season separately) to predict the presencelabsence of larvae on sites. Percentage variables were transformed using arcsine transformation and categorical variables were coded using (n-1) indicator variables, where n is the number of modalities for each variable (Norusis, 1997) . T h e x2 calculated on the difference of -2 Log Likelihood ( -2LL) for the model including all selected variables compared to a constant indicates the overall significance of the model andLNagelkerke R2 indicates the overall proportion of the variability explained by the model (Norusis, 1997) . (2) Classification with artificial neural networks (ANN) (Edwards & Morse (1995) for review). Using the same variables selected by LR with an additional random variable (random n u p b e r between O and l), we classified all sites sampled for tick larvae during the whole seasonal cycle. This random variable was inserted in the database representing a factor that had no influence upon the tick abundance. This helps to assess the stochasticity of the distribution and the validity of the contributions of the other variables (Ball, Palmer-Brown & Mills, 1999) . T h e specifications of the A N N used are as follows: the ,first layer comprised 6 input neurons for R. e. evertsi and 15 input neurons for R. appendiculatuslR. zambeziensis; the hidden layer had 5 neurons and the last layer had 2 neurons which corresponds to the presencelabsence of tick larvae. T h e training of the network was performed using a back-propagation algorithm (Rumelhart, Hinton & Williams, 1986) . We used a jacknife (leave-one-out) procedure to isolate a training set of sites (12-1 sites) and an independent test set (1 site), repeated for each observation in turn. I n each run, the model was first adjusted with the training set and then used to predict the presence or absence of ticks in the test set
M . de Gnrine-Wichutitsky rind others
, .. (Mastrorillo, Lek & Daubs, 1997) . T e n runs were performed for each analysis in order to assess the contribution of each variable (+S.D.) to the prediction. T h e maximum number of iterations was set to 500.
T h e various statistical procedures used (as well as a description of the variables and softwares used) are summarized in Table 1 .
R E S U L T S
Spitial and temporal distribution of tick larvae
T h e effects of season and vegetation type on the abundance of tick larvae (two-way ANOVA after Box-Cox transformation, and Scheffé test at 5 o/o, homogeneous subsets indicated in Fig. 1) were different according to the group of tick species considered (Fig. 1). R. e. evertsi has a significant decrease in the number of larvae found during the evertsi).
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Indicators of tick larvae presence
Among the 3 categories of variables described previously (physiognomy of the vegetation, botanical composition of the herbaceous layer and ungulate abundance), we selected those which might have a significant effect on the presence of tick larvae. T h e selection was carried out on the whole data set collected during the seasonal cycle using LR stepwise backward procedure (Norusis, 1997) .
By LR, the backward procedure retains 3 variables (abundance of herbaceous, average height of the herbaceous layer and percentage of green grass) as having an effect on the probability of presence of R. Once the significant variables had been selected.
we introduced them into a model (LR or ANKj aiming at determining the probability that a site is infested by tick lar'he. T h e first model is established on the whole data set, including all seasons, in an attempt to investigate the existence of permanent /)¡stribzition cif African tick larvae ' 
evertsi).
Although both models do not fit perfectly the data (-2 Log Likelihood have high values), the prediction is more accurate for R. appendiculatuslR. zambeziensis (Nagelkerke R2 = 0.462 ; overall 76 yo of cases correctly classified) than for R. e. evertsi (Nagelkerke R2=0.183; overall 65 "/b of cases correctly classified). By merely adding 2 descriptive variables (season with 3 modalities and presence/ absence of permanent water point), the performance of the model is greatly improved for R. appendiculatusla. zambeziensis (-2 L L decrease of 55437 and Nagelkerke R2 = 0.606), whereas it is not improved and remains poor for R. e. evertsi (-2LL decrease of 17.893 and Nagelkerke R2 = 0.237). T h e differences between the 2 models are even more obvious if one considers a more drastic cut-off value of 0.75 instead of a conservative 0.50, since the model correctly classifies 55 of the sites for R. appendiculatus/R. zambeziensis, whereas only 18 % are correctly classified for R. e. evertsi.
Results of A N N (10 runs for each group of tick), carried out on the same data with addition of a ransom explanatory variable (RAND) are presented in Table 3 . T h e first comment which one can make relates to the mean contribution of the random variable to the predictions of the model. In the case of R. e. evertsi, none of the variables introduced in the model has a mean contribution significantly higher than RAND, even thoseTchich significantly contributed to the L R model. T h e contribution of R A N D to the model is highly variable (1 9.8 % & 7.1) Fig. 2 . Relationship between the number of Rhipicephalus appendiczilutzislR. zuinbezieiisis (R.app/R.zamb) larvae and the number of R. e. evertsi (R.e.evertsi) larvae collected per transect. A total of 437 sites were sampled, transects during which no larvae were collected were withdrawn from the analysis (see
ORe.evertsi (Table 2) . T h e same explanatory variables used in the previous analysis, and an additional variable indicating the proximity of a water point, were used in a L R model intended to classify the sites sampled during the cool dry season (Table 4) according to the presence/absence of tick larvae. For R. appendicu-462 latzislR. zambeziensis, the LR model significantly fits the data (-2LL=55*64, ;y"=65.09, 26 D.F., P<O.OOOl) and gives a good prediction (Nagelkerke R"=0.685), whereas the results are not significant for R. e. erertsi , ;yz=14*42, 11 D.F.,
P>O.O5).
With a cut-off value of 0-75, 7 8 % of the sites infested by R. appendiculatuslR. zanzbeziensis larvae are correctly classified, whereas only 25 : / o of the sites are correctly classified for R. e. evertsi. I n addition to the variables described as 'permanent indicators' throughout the seasons, the variable indicating the proximity of permanent water point strongly improves the prediction for R. appendiculatuslR. zambeziensis larvae.
Niche segregation between larvae
Out of the total database, we selected the transects during which at least 1 larva of either group of species was collected, thus excluding unsuitable sites for the survival of tick larvae. As illustrated by Fig.  2 , we observed a significant negative correlation between the number of larvae of a species and that of the other group of species (Spearman Y= -0.497, n=437, P<O.OOOl). We also found on the same data set that R. e. evertsi larvae are more abundant in the sites where the grass is higher (Kruskal-Wallis, 3 D.F., x2=8.2590, P=0-0410), whereas R. appendiculatus/R. zambeziensis are mainly met when the herbaceous layer is shorter (Fig. 3) . This preference for short grass (Kruskal-Wallis, 3 D.F., x'=11.07, P=OO114) is to be taken into account with the fact that the areas located near the water points are often overgrazed.
D I S C U S S I O N
T h e specificity of ticks is variable according to species (Hoogstraal & Kim, 1985; Oliver, 1989) ) not only by the range of host species infested, but also by the sites of attachment on these hosts. I n spite of marked differences with regard to their biology (3-host versus 2-host cycle), R. appendiculatus, R. zambeziensis and R. e. evertsi have similar host preferences. Indeed, the larvae of these species preferentially infest large wild and domestic ungulates (Hoogstraal, 1956; Horak, Boomker & Spickett, 1992; Londt &Van Der Bijl, 1977; Norval, 1979) , and occasionally they also infest small and medium-sized mammals. However, R. appendiculatus larvae are preferentially found attached to the margins of the ears whereas R. e. evertsi larvae and nymphs are found inside the external ear channel (Baker & Ducasse, 1967) , and simultaneous infestations of the same hostcre not rare.
Studies carried out on the distribution of these ticks show that R. appendiculatus occurs most commonly in savanna or savanna woodland habitats ~ind tends to be absent from open plains and dense forests (Lessard, L'Eplattenier & Norval, 1990; Perry, Lessard & Norval, 1990) . More specifically, the immature stages are found in habitats with a tree or bush cover providing sufficient shade and a developed herbaceous layer (Londt & Whitehead, 1972; . R. e. evertsi also occurs in drier areas (Londt & Whitehead, 1972; since it is more resistant to desiccation than R. appendiculatus (Fielden & Rechav, 1996) .
Locally, the physiognomy of the vegetation, and particularly the characteristics of the grass layer, influence the free stages of the ticks (Rechav, 1979) since it is responsible for the microclimatic parameters within the vegetation (shade and air circulation) and thus the survival of the ticks (Gray, 1961; Londt & Whitehead, 1972) . T h e results for our study show that the distribution of the larvae of these 2 species in the vegetation is indeed very different. R. appendiculatzislfi. zainbeziensis larvae are met almost exclusively in the vegetation close to permanent water holes, and to a lesser extent in the habitats dominated by"thorn-bush (Acacia spp. and Dichrostachys cinerea). In addition, our results using 2 different statistical procedures indicate that several parameters are reliable indicators of the presence of these larvae : characteristics of the herbaceous layer (reduced height of the grass cover, high proportion of green grass), frequent use of the area by wild and domestic ungulates and the presence of several plant species often associated with overgrazing. This last statement contradicts previous studies since several authors have shown that R. appendiculatus tends to disappear from overgrazed areas (Norval et al. 1982 ; Perry et al. 1990 ). However, the vegetation situated close to permanent water points often tends to be overgrazed, and these associations result from the frequent occurrence of the larvae of this species close to water holes. This is confirmed by the high contribution of this variable (proximity of water hole) to the predictions of the models aiming at classifying infestedlnon-infested sites with R. appendiculatuslR. zambeziensis larvae. As opposed to that predictability, our study shows that in the same area the distribution of R. e. evertsi larvae is stochastic, with no reliable indicator of infestation risk, as indicated by the contribution of the random variable introduced in the A" model. T h e larvae of these 2 groups of species do have separate niches, and the segregation between them seems to be enhanced by their differential preferences for grass layers with different heights (Londt & Whitehead, 1972) .
Does the spatial and temporal distribution of the larvae of these 2 groups of species guarantee the infestation of the hosts? T h e probability of contact between a parasite infective stage and the host is the major factor which influences the growth, reproduction and development of ticks (Barnard, 1991 ; Oliver, 1989) . T h e need for meeting with a host constitutes a selective pressure which strongly influenced the evolution of ticks, especially for the species which infest wandering vertebrates with extensive home ranges or occurring at low densities (Hoogstraal ¿% Aeschlimann, 1982) . Ticks infesting large ungulates thus adopted a reduction of the number of individual hosts required to accomplish their cycle. This limits the risks associated with the infestation of a new host (Hoogstraal & Aeschlimann, 1982; Hoogstraal & Kim, 1985; Oliver, 1989 showed that the availability of hosts influences the development of the populations of these 2 species (Newson, 1979; Norval, 1979; Punyua & Hassan, 1992) . T h e larvae are the most vulnerable stages of the development of ixodid ticks, for they are more sensitive to desiccation and survive less long in the vegetation than the nymphs or adults Short & Norval, 1981) . Their distribution in time and space is crucial since it conditions the probability of meeting with the hosts and the maintenance of the species. Could ungulates avoid contact with tick larvae while foraging? T h e relationship between foraging behaviour of mammals and parasite avoidance has been mentioned by several authors (Hart, 1994; Keymer & Read, 1991 ; Lozano, 1991) , but there is little experimental evidence of this phenomenon. Avoidance of infective nematode larvae by bovines through selective grazing away from recently dropped faeces has been described long ago (Michel, 1955) . More recently, Sutherst, Floyd & Bourne (1986) also showed that cattle were able to avoid large clumps of Booplzilus microplus larvae, another species of tick occurring in Australia. But the defences adopted by the hosts in response to parasitism depend on the predictability of the infestation (Harvell, 1990; Heeb, Werner & Kölliker, 1998) . Cattle have adopted avoidance behaviours of nematode larvae because they are associated with fresh droppings easily noticeable in the pasture. I n the same way, cattle avoid large clumps of B. microplus larvae when they can detect by eye large concentrations of ticks emerging from shelter onto grass tips. But, given the larval distributions we observed in Kelvin Grove, ungulate hosts cannot adopt such avoidance behaviours. If we consider the results presented in terms of evolutionary strategies, the tick species studied have larval distributions which guarantee the contact o?=some of the larvae with potential hosts, although these distributions are M . de Garine-Wic/iatìlsky and others very different and result from complex interactions between biotic and abiotic factors (Barnard, 1991 ; Randolph, 1997) . Indeed, as R. e. evertsi larvae occur in all types of vegetation during most of the seasonal cycle, ungulate hosts cannot adopt a sustainable strategy of habitat use which results in an avoidance of contact with these larvae. I n addition, the lack of significant differences between the average number of larvae met in the various vegetation types does not make it possible to minimize the contact with R. e. evertsi larvae. T h e distribution of the larvae of this species in the environment is stochastic and none of the indicators we tested makes it possible to predict their presence on a given site.
R. appendiculatus and R. zanibeziensis are potentially in a much more vulnerable situation with respect to a possible avoidance by the hosts, since the larvae are met mainly during the cool dry season and in 2 types of vegetation. But the hosts are facing a trade-off between the benefits of parasite avoidance and the costs associated with the exercise of the defensive behaviour (Hart, , 1994 . In the case of the avoidance of R. appendiculatus and R. zambeziensis larvae, the fitness cost would be prohibitive, since it consists of avoiding permanent water holes during the dry season and in reducing the use of acacia-dominated habitats, which provide key forage resources to most ungulate species during the dry season (Fritz et al. 1996) . As stated by Hart (1994) , the forage may be too poor for ungulates during unfavourable periods to allow them the luxury of always avoiding contact with potential sources of parasites.
W e have seen that the spatial and temporal distribution of the larvae of the 2 groups of tick species is different. It must result from interactions between different strategies to come into contact with hosts, and complex abiotic and biotic processes. Unpredictable in the first case or predictable but associated with key resources in the second case, the spatial and temporal distribution of R. e. evertsi and R. appendiculatuslR. zainbeziensis larvae 'avoids being avoided' by their common hosts.
